Wastewater management systems are under pressure due to changing economic and environmental conditions. For example, severe water shortages are being experienced in a number of metropolitan areas due to the combined effects of climate change, continued population growth, and over drafting of water supplies. Drought conditions have resulted in rationing of remaining water supplies, conflicts between environmental and agricultural uses of water, increases in the value of water, and restrictions on irrigation and domestic use in urban locations. Many locations throughout the world are expected to experience more frequent and extreme drought conditions in the near future. It is clear that more effective utilization must be made of existing water supplies, especially in urban areas.
and reuse, (b) recovery of wastewater constituents that can be used for the production of power, and (c) recovery of nutrients from wastewater.
SATELLITE SYSTEMS FOR WATER REUSE
Water reuse is a key strategy for reducing the demand on potable water supplies for uses such as landscape irrigation, toilet flushing, and other uses. In most collection and treatment systems, wastewater is transported through the collection system to a centralized treatment plant located at the downstream end of the collection system near the point of dispersal (disposal) to the environment. Because centralized wastewater collection systems are generally arranged to route wastewater to these remote locations for treatment, water reuse in urban areas is often inhibited by the lack of a dual distribution system ( i.e., purple pipe). The infrastructure costs for storing and transporting reclaimed water to the points of use are often prohibitive thus making reuse uneconomic. An alternative to the conventional approach of transporting reclaimed water from a central treatment plant is the concept of satellite treatment at upstream locations with localized reuse.
Key Features of Satellite Systems
Satellite wastewater systems are used to treat wastewater at or near the point of waste generation and reuse. Satellite treatment plants generally do not have solids processing facilities; solids are returned to the collection system for processing in a central treatment plant located downstream.
Individual satellite systems can be used for water reclamation and reuse for applications such as landscape irrigation, toilet flushing, cooling applications, and water features. Use of satellite systems is predicated on the assumption that the existing collection system can be utilized for the transport of solids and reduced flow. Onsite reclamation systems may obviate the need for largescale dual piping systems, which are generally prohibitively expensive in urbanized areas and reduce the need to expand existing treatment plants to meet future growth projections.
It is projected that activities such as water conservation and satellite processing will change the nature of wastewater and require renovation of existing collection systems. One manifestation of a new collection system design is shown on Fig. 1 . Retrofitting large diameter collection pipes with smaller diameter pipes can accommodate the reduced wastewater flows, eliminate infiltration and inflow issues, and utilize the existing piping to protect the new collection pipes, obviating the need for extensive excavation and the corresponding social disruption. 
Types of Satellite Systems
Satellite treatment systems fall generally into four categories: (1) interception type, (2) extraction type, (3) upstream type, and (4) upstream individual home type. Each of these types of satellite systems is described below. The distinction between satellite types is made because the characteristics of the wastewater to be treated, the treatment technologies that will be used, and the infrastructure needed to implement them are somewhat different, and, in some cases, quite different.
Commercial Building Interception Type
In the interception type, as illustrated on Fig. 2(a) , the wastewater to be reclaimed is captured before it reaches the collection system. Typical applications for this type of satellite system are for reuse in high rise commercial and residential buildings. The quantity of flow to be intercepted and reclaimed will depend on the local and seasonal water reuse requirements.
Typically, all of the flow from an individual building will be intercepted for reuse. In some cases, it may be necessary to supplement the intercepted flow with potable water. Should excess flow occur, it is discharged to the collection system. A detailed interception type scheme is shown on Fig. 3 . plumbing system and use reclaimed water for toilet and urinal flushing Yamagata et al., 2002) .
(a) (b) Figure 3 Interception type satellite wastewater systems (a) for large commercial buildings and (b) treatment system used in basement of Solaire Building located in Manhattan, New York (from Asano et al., 2007) 
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Extraction Type
In the extraction type satellite system, as illustrated on Fig. 2(b) , the wastewater to be reclaimed is extracted (mined) from a collection system main, trunk, or interceptor sewer. Typical applications for this type of satellite system are for reuse in landscape, park, and greenbelt irrigation; for reuse in nearby high rise commercial and residential buildings; and for commercial and industrial cooling tower applications. The quantity of flow to be extracted and reclaimed will depend on the local and seasonal water reuse requirements, especially so for landscape irrigation applications. A view of the satellite plant used in Upland, CA to provide water for golf course irrigation is shown on Fig. 4 (Asano et al., 2007) . Note that, in this case, (a) the golf course development would not have been feasible without the reclaimed water supply, (b) a dual distribution system from the municipal plant was not required, and (c) that the treatment plant can not be differentiated from the surrounding homes.
(a) (b)
Figure 4 View of extraction type satellite system used to support development of golf course in Upland, CA: (a) aerial view with circle around wastewater treatment plant and (b) outside view of building that houses treatment plant
Upstream Type
In the upstream type, as illustrated on Fig. 2 (c), the wastewater reclamation facilities are used to reclaim water from developments located at the extremities of a centralized collection system and where opportunities for water reuse (e.g., golf course and median strip irrigation) are available and the capacity of the collection system is limited. Typical applications for this type of satellite system are for new housing developments and remote commercial centers and research parks. The quantity of flow to be intercepted and reclaimed in upstream satellite systems will depend on the local and seasonal water reuse requirements. In general, all of the flow from a housing development will be intercepted for reuse. In some cases, however, it may be necessary to divert some of the flow directly to the centralized collection system, before or View of the Serrano development in CA where all irrigation water is produced using an upstream type satellite reclamation plant
Upstream Individual Home Type
The individual home satellite system for greywater recovery and reuse, as shown on Fig. 2(d) ,
has the advantages of a readily treatable wastewater without the high solids load of combined wastewater and onsite or local reuse. As shown in Fig. 6 , source separated greywater is treated using a small package treatment system, such as a biological filter, and then used for landscape irrigation directly or used for indoor non-potable uses after membrane separation. Blackwater and excess greywater are discharged to the centralized wastewater collection system (see Fig. 2 ).
This type of satellite system is expected to reduce domestic water use by up to 60 percent. Diagram of home satellite system for greywater reuse and connection to collection system for excess greywater and blackwater.
Implementation Challenges for Water Reuse
The use of individual satellite water reuse systems pose several engineering and regulatory challenges. For example, existing buildings may need to be retrofitted with dual piping systems, while new construction can be plumbed directly for water reuse. The design challenges related to engineering of the water reclamation systems will require consideration of equalization processes for buffering flow variability and selection or adaptation of specific processes for screening, treatment, and disinfection of water to be recycled. Finally, connection to an existing wastewater collection system for bypassing flow and process solids will need to be evaluated for suitability with a modified wastewater stream. An analysis of solids loading to a centralized wastewater treatment facility with and without satellite diversion is shown on Fig. 7 .
(a) (b) Figure 7 Definition sketch showing results of an analysis of loading (a) without a satellite treatment facility and (b) with a satellite treatment facility (from Asano et al., 2007) Economic feasibility will need to be considered against other options for water supply development, alternative systems for production and delivery of reclaimed water, and the fact that the value of water is likely to double over the next five years. Other water supply options may include increased or sustained withdrawals from surface and groundwater supplies, although this option will not be feasible in many drought stricken areas or regions expected to experience water shortages. Other options that might be implemented to extend water supplies include simple greywater systems for production of irrigation water and increased water conservations efforts. The use of non-traditional waters sources, such as rainwater harvested from individual roof catchment systems may also be feasible in some areas and should be evaluated. Finally, individual water reclamation systems are compared in terms of cost, performance, and public acceptance with other systems for supply of reclaimed water, including centralized reclamation and distribution, satellite reclamation, and decentralized systems.
The development of standards and regulations applicable to onsite reclamation systems, reliability considerations related to the production of reclaimed water, and systems for monitoring of reclamation systems are among the important regulatory challenges. Other implementation issues may develop due to complications with local ordinances and water ownership. Advances in the use of non-destructive procedures for installation of small systems without disturbance to existing landscape (such as directional drilling), will make this alternative more acceptable.
SATELLITE SYSTEMS FOR ENERGY RECOVERY
The energy content of wastewater is generally not recovered or is only partially recovered where anaerobic digestion of treatment residuals is used. In addition, much of the recoverable energy content of domestic wastewater is lost during travel in the wastewater collection system. Two types of satellite systems for energy recovery are presented below: (a) satellite recovery of grease and (b) satellite recovery of wastewater constituents.
Satellite Recovery of Grease for Biodiesel and Energy Production
Grease traps have been used historically to keep brown grease from entering wastewater collection systems, as shown on Fig. 8 , where it may cause blockages and sewer overflows.
However, the performance of conventional grease traps, considering the inadequate design and maintenance that is generally applied, has limited the effectiveness of these units. New grease trap and interceptor designs are under development that automatically skim and remove accumulated grease, greatly improving the capture rate and reducing the hydrolysis reactions that impact the grease quality. Several cities are evaluating the possibility of widespread installation of these next generation grease traps at both commercial and residential sites. The grease will then be collected and hauled to a site for production of biodiesel fuels and/or anaerobic digestion.
Annual brown grease production is projected to be about 2 gal/person in urban areas, which could be converted to a roughly equivalent volume of biodiesel. 
Satellite Recovery of Combustible Constituents for Energy Production
The deposition and accumulation of solids in wastewater collection systems results in the blockage of pipelines and contributes to overflow events. In addition, the recovery of energy from the constituents in wastewater is more difficult following transport through the wastewater collection system. As wastewater moves through the collection system, particulate matter is reduced in size due to abrasion, mixing, and liquefaction. The use of fine screens on collection mains or trunks and at pump stations can be used to recover the particulate matter upstream in the collection system before deposition and particle size reduction occurs. Filtration with a 200 micron screen results in treatment equal to or better than primary sedimentation. It has been found that tissue paper captured on a 200 micron screen will serve as a secondary filter for the removal of grease and oil. The energy content of this particulate stream, consisting of tissue paper, oil and grease, and other organic solids is comparable to that of softwood and can be further dewatered and converted using a gasification process. A schematic diagram, showing two methods of satellite recovery of the constituents in wastewater: (a) scalping from a collection pipe and (b) full flow capture at a pump station, is shown on Fig. 9 .
An ancillary benefit of satellite filtration is a significant reduction of the influent organic loading to the wastewater treatment plant. Based on initial estimates, the organic loading may be reduced by as much as 50 percent. Reduced organic loading may benefit plants that experience unstable operation due to overloading or variable loading. Definition sketch showing various forms of satellite energy recovery systems (a) scalping plant and (b) co-location of filtration system at pump station. Tissue paper removed on the screen acts as a secondary filter that captures grease and oil.
Implementation Challenges for Satellite Energy Recovery
The use of remote grease and solids satellite collection systems presents several engineering challenges, including (1) the need for installation of numerous satellite recovery stations, (2) the logistics of material collection and hauling to processing sites, and (3) the design and operation of wastewater treatment plants with modified influent characteristics. It should be noted that based on a preliminary analysis, enough energy could be recovered using satellite recovery to offset the energy required for material collection and processing.
SATELLITE SYSTEMS FOR NUTRIENT RECOVERY
Moving further upstream in the collection system, source separation using split bowl toilets and urinals allows for urine to be segregated from the bulk wastewater flow. An example of a waterless urinal is shown on Fig 10(a) . This type of urinal can save a significant amount of water and can produce a high quality urine stream for source separation. Similarly, the split bowl toilet design shown in Fig. 10(b) can be used in residential locations to segregate urine from the bulk wastewater flow. Several manufacturers of split bowl toilets are established in Sweden where urine separation has gained widespread support. Example of (a) waterless urinal and (b) urine separating toilet (Courtesy C. Etnier)
Source Separation of Urine
The use of a dual drainage system, consisting of either a two pipe system or retrofit to an existing collection system using a pipe within a pipe model (see Figs. 11 and 12) could be used for satellite urine collection. Urine contains approximately 70 to 80 percent of the nitrogen, 50 to 60 percent of the phosphorus and potassium, and a significant fraction of the trace constituents found in domestic wastewater. An analysis of wastewater with and without urine separation is presented in Table 1 . Crites and Tchobanoglous, 1998 Thus, segregation of this waste stream could have a major impact on wastewater treatment systems where nutrient removal is required. Source separated urine has been used successfully as an agricultural fertilizer. Conceptual diagram of urine collection from residential and commercial sources using pipe-within-a-pipe model Alternately, as shown on Fig. 13 , urine can be directed to storage tanks serving a cluster of buildings while the bulk wastewater flow can be managed using the existing collection system.
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Because of the small volume of urine that is discharged compared to the greywater flow, a relatively small tank can be used to collect urine over a long time period.
Figure 13
Scheme for urine collection and transport to agricultural region for use as fertilizer used in Sweden (Adapted from Jönsson and Vinnerås, 2007) 
Implementation Challenges for Urine Separation
The engineering challenges associated with urine diversion include the retrofit of existing buildings to utilize compatible fixtures, the operation and maintenance of urine drainage systems, and the design and installation of the urine collection system. However, as more experience is gained from these systems in use in Europe and the need to both manage and recover agricultural nutrients increases, it is likely that urine separation will become an established practice globally.
SUMMARY
A number of possibilities exist for the implementation of satellite wastewater systems including systems for:
1. water reuse, 2. energy recovery, and 3. nutrient separation.
The implementation, economic feasibility, and regulatory challenges for each of these applications is quite different. The implementation and economic feasibility of interception type systems for large buildings is currently under development and as the cost of supplying potable water is increasing rapidly the economics are becoming quite favorable. The implementation and economic feasibility of using upstream large reclamation and reuse facilities through sewer mining or interception is well established in California, Florida, and in other parts of the world.
For both of these types of satellite systems, the regulatory requirements have been worked out and are evolving as more experience is gained.
In the development of sustainable wastewater systems, the recovery of constituents that can be used to for energy is essential. Methods to separate paper, grease and oil, and organic waste are readily available. It is projected that the full-scale recovery of energy from wastewater will reduce the carbon footprint of wastewater management systems. Ancillary benefits include increased capacity at wastewater treatment plants and reduced overflow events. Because the concept of constituent recovery before biological treatment is relatively new, the implementation, economic feasibility, and regulatory challenges have not been worked in detail, but the implications for this approach are significant.
The most challenging satellite systems being the use of individual onsite systems for greywater treatment and reuse, and nutrient separation. For these systems to gain widespread acceptance improved technologies will be needed. The regulatory issues with these systems are the most challenging, especially in dealing with legacy regulations. Nevertheless the potential benefits are significant and the concepts should be evaluated for both new construction and retrofit applications.
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